The fabrication of heteroaggregates comprising inorganic and organic nanoparticles of different sizes is reported. Control over the assembly ofnanoscale functional building units is ofgreat significance to many practical applications. joining taget her different spherical nanoparticles in a defined manner allows control over the shape of the composites. If two types of constituents are chosen that differ in size, the surfaces of the composites exhibit two specific radii of curvature, yielding aggregates of dual surface roughness. Moreover, if the constituents consist of different materials, the resulting heteroaggregates feature both compositional and interfacial anisotropy, offering unprecedented perspectives for customtailored colloids. This study describes a two-step approach towards such designer particles. At first, amine-modified polystyrene particles with 154 nm diameter were assembled into clusters of wellc;lefined configurations. Onto these, oppositely charged inorganic particles with diameters of only a few nanometres were deposited by direct uptake from solution, resulting in IlUmerous functional entities all over the surface of the polymer clusters. Despite the fact that oppositely charged constituents are brought tagether, charge revers al by uptake of nanoparticles allows far stable suspensions of heterocomposites. Hence, the possibility to assemble particles into nanoscale heterocomposites with full control over shape, composition, and surface roughness is demonstrated.
lntroduction
Th e design of particles that combine well-defined geometries with a substantial complexity has emerged to a current frontier in colloid and particle research [1, 2] . If this complexity encompasses both compositional and interfacial anisotropy, such tailormade objects may open unprecedented opportunities that cannot be provided by simple mixtures of their individual constituents [3.4] . In order to express the enthusiasm associated with such designer particles, terms Iike "colloidal molecules" [5] [6] [7] 01' "patchy particles" [3 ] were established. Unlike isotropic objects, such partieIes having at least one patch on their surface can undergo directed interactions like organic molecules [5, 8 [. This, in turn, allows control on their assembly into novel hierarchically organized architectu res [9] [10] [11] . In this regard, there is a broad similarity to pathways created by mother nature to assemble proteins [12J. The surface of proteins is subdivided into distinct patches which are esse ntial for the formation of fibrils, spherulites, capsids, and fractal clusters [13 ] .
Mimicking this approach, much work was devoted to synthetic colloidal particles bearing single 01' multiple patches on their negatively charged inorganic NPs clusters from positively charged PS particles Fig. 1 . Schematic representation oF the preparation oF hybrids with dual surFace roughness: A suspension oF submicron-sized clusters oF amine-mod ifi ed polystyrene (PS) particles is added to a suspension oF oppositely charged inorganic nanoparticles (NPs). The direct deposition oF the NPs onto well-defined pre-Formed clusters leads to assemblies with diameters below 400 nm that combine r:latterned surFaces with compositional anisotropy.
well-defined shapes. They provide dual complexity in a double sense because they exhibit two different radii of curvature as weil as compositional and interfacial anisotropy.
Experimental

Materials
.1. Amino-functionalized polystyrene particles
A detailed description of the preparation of the cross-linked PS particles bearing amino moieties on their surface is given in Ref.
. [32 J . The spherical particles with an average diameter of 154 nm can be regarded as monodisperse ( Fig. 2a) and are thus ideal building units for clusters of well-defined geometries. The high density of positive surface charges is corroborated by the value of the zeta potential (Table 1) .
Silica nanoparticles
Commercially available 20.7 nm sized anionic si lica NPs (Ludox HS, Aldrich, Fi g. 2b) were purified by dialysis against deionized water (Milli-Q, Millipore) until the conductivity of the surroundin g water was consistent to that of pure water. All important parameters of the particles are gathered in Table 1 .
Gold nanoparticles
Negatively charged go ld particles of 23.0 nm in diameter (Fi g. 2c) were prepared by precipitation of HAuCI 4 in the presence of trisodium citrate dihydrate along the lines given in Ref. [33 J . In a typical batch, a solution of 84.5 mg HAuCI 4 in 150 g deionized water was brought to boil under permanent stirring. 19.8 ml of 0.034 M trisodium citrate dihydrate were added. An immediate colour change from bright yellow to dark red was obselved. The mixture was heated under reflux for another 15 min. Then the dispersion was cooled to room temperature and purified by exhaustive dialysis against deionzed water. Decisive da ta on the go ld NPs is given in Table 1 .
Magllemite nanoparticles
Negatively charged maghemite NPs were sy nthesized following a protocol given in Ref.
[34J . At first, a stock solution of 128.5 mmol NaOH dissolved in 51 ml diethylene glycol (Sigma-Aldrich) was heated up to 120°C for one hour und er continuous nitroge n f1ow. This solution was cooled down to 70°C and stored at this temperature until use. In aseparate reaction vessel, 32 mmol poly(acrylic acid) (Aldrich, M w = 1800 g mol -I), 16 mmol anhydrous FeCI 3 (Sigma-Aldrich) and 120 ml diethylene glycol were heated carefully to 220°C under a nitrogen atmosphere and vigorous stirring. Right after rapid addition of 32 ml stock solution , the mixture turned dark black. The reaction mixture was further refluxed for 45 min to yield NPs. After cooling down to room temperature, the NPs were transferred to water by exhaustive dialysis.
Because of their small dimensions of 7 nm in diameter (Fig. 2d  and Table 1 ), the quasi-spherical NPs might be considered as a state of matter between large atotnic clusters and crystalline partic1es. Mössbauer spectra c1early indicated that the particles consist predominantly of maghemite, whereas the particles were regarded as magnetite particles in the original paper [34 J. SUJ'face oxidation of magnetite [35] 01' sli ght variations in experimental conditions [3 6] could result in partial or complete conversion into maghemite, wh ich might explain the different findings .
Nanoparticle adsorption
Small amounts of suspensions of either PS particles or clusters from PS particles were added dropwise under vigorous stirring into aliquouts of suspensions of the inorganic NPs using a syringe pump (kdScientific KDS 100). Detailed amounts are given in Table 2 . The mixtures were kept at 25°C and equilibrated for at least 24 h. For removal of unbound NPs, the sampies were placed il1tO ultrafiltration cells (Whatman cellulose nitrate membrane, pore sizes 100 nm) and f1ushed extensively against deioni zed water. The progress of the ultrafiltration was monitored by the conductivity of the eluate.
Metllods
The morphologies of particles and particle assemblies were anaIyzed by field emission scanning electron microscopy (FESEM) on a Zeiss LEO 1530 Gemini microscope equipped with a field emission cathode operating at 3 kV. Specimen preparation was accomplished as folIows: silicon wafers (CrysTec) were c1eaned using standard RCA-1 at 75°C with a 5:1:1 mixture of water, 30% H 2 0 2 solution, and 25% NH 3 solution. Thereafter the wafers were rinsed in water, blow-dried with N 2 , treated with O 2 plasma (Harrick Plasma PDC-32G) during 20 min, and transferred into a 1 g L 1 aqueous solution of poly(ethylene imine). This treatment results in a thin hydrophilic cationic surface layer providing deposition of the assemblies apart from each other. One drop of each hybrid suspension was placed onto the wafers. After 2 min, the drops were gently swept away by touching the edge of the wafers with filter paper. Specimens were coated twice with platinum layers öf 1 nm thickness using a sputter coater (Cressington 208HR) to make the specimen conductive.
Transmission electron micrographs (TEM) were takeli on a Zeiss EM922 EFfEM. The average size and polydispersity of the particles were determined by counting at least 500 individual particles.
Electrophoretic mobilities u of the polymer particles and the inorganic NPs were measured on a Malvern Zetasizer Nano ZS. The ionic strength was properly fixed by addition of NaCI to 10-4 M. Given this condition, the radii of the NPs aare smaller than the Debye length le I, i.e. IW < 1. However, in the case of the PS particles, both quantities, a and I( I, are of the same magnitude.
To ensure validity for all values of IW, the mobilities were converted into zeta potentials , using the approximation of Henry's formula by Ohshima [37 1.
The electrophoretic mobilities of the composite particles as the function of the dose of NPs were meas ured in conjunction with a Malvern MPT2 Autotitrator. Minute amounts of a 0.45 wt.% silica NPs suspension were titrated into lOg 0.20 wt.% suspensions of In each experiment, the tota l volume afte r joining the PS and NPs sus pensions was fix ed to 20 ml.
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PS particles, SO that th e NPs dose gradually increased by 0.01 wt.%. Two Illeasurelllents were taken 30 s after each titration step to ensure eqllilibration.
Therlllogravillletric analyses (TGA) were perforllled on a Mettler TGA/SDTA 85. SIllall alllollnts of the suspensions of COIllposite particles were fre eze-dried (Christ fre eze dryer Alpha) and heated from 30°C to 800°C, with a rate of 10 I< min-1 in an air flow. The sam pIes were kept at 800°C for further 360 min. The ratio of inorganic NPs per PS partic\e was calculated from the total mass loss of the sampIe.
Isothermal titration calorimetry (ITC) experiments were performed on a VP-ITC from Microcal. Aqueous suspensions of silica NPs and PS particles were exhaustively dialyzed against 0.1 mM NaCI solution to adjust the ionic strength. After degassing, silica NPs (1.08 wt.%) were titrated into a 0.22 wt.% suspension of PS particles at 25 oe. In total, 29 injections spaced by 210 s were made, each with a volume of 10 Ill. The increase of the volume was inc1uded in the data analysis. The time for acquisition between two data points was set to 2 s. Given the densities of polystyrene and silica NPs (Table 1) , the concentrations by weight can be converted into the number of moles of particles. Data were fitted with the software Origin (Microcal) using a simple model based on a single set of individual independent binding sites [38). The stoichiometry N, the binding constant K. and the adsorption enthalpy tJ.H are variable parameters of this binding model. The entropy of the adsorption tJ.S was calculated from tJ.H and ]( using the following thermodynamic relationship:
where T denotes the absolute temperature and R is the ideal gas constant.
J . Results and discussions
Cross-linked PS latex particles with diameters of 154 nm bearing positively charged moieties on their surface were combined into clusters of a small number of constituent spheres according to the Iines given in Refs. [32, 39 ) . The cluster preparation is based on the agglomeration of the constituent particles while adsorbed onto the surface of emulsion droplets. In contrast to our earlier . studies, emulsification was performed without any surfactant to make sure that the surfaces of the resulting assemblies were not shielded by a steric layer of surfactant.
Emulsions solely stabilized by small solid particles are often referred as Pickering emulsions [40] . Remarkably, we found that al ready a Iimited number of less than 12 PS particles provided efficient short-tenn stabili zation. In addition to the stabilizing effect, the confinement to the droplets can be used as a template for ' the particle assembly [41, 42 ] . The size distribution of the templating emulsion droplets was controlled by ultrasound [39] . Evaporation of the dispersed phase creates capillary forces which pack the particles together into clusters that exhibit well-defined configurations, such as particle doublets, triplets, tetrahedrons, triangular dipyramids, and octahedrons, among others [32] . Because the dispersed phase presents a solvent for polystyrene, the cluster constituents are swollen during the assembly. For this reason, the resulting assemblies are very robust. lt turned out that even repeated sonication with powerful ultrasound did not break the clusters apart. Because of their shape anisotropy, the dynamics, especiaIly the rotatiOilal diffusion, of these complex colloids with dimensions of less than 400 nm is significantly different from spherical particles [43 ] .
The next higher level of hierarchy can be achieved by placing a second type of particles with smaller dimensions onto the surface of the pre-formed polymer assemblies. For this purpose, th e clusters of positively charged polymer particles were added into a suspension of negatively charged inorganic NPs. The direct adsorption of the oppositely charged NPs from solution res ulted in the formation of complex hybrid particles with well-defined shapes, given appropriate experimental conditions (Fi g. 1), which will be discussed below. lt is c1ear that the deposition of oppositely charged particles results in oppositely charged entities on the larger colloidal support. Hence, attractive patch-patch interactions might arise from the adsorption, which could trigger flocculation of the suspensions. The phenomenon behind this, namely the heterocoagulation of binary mixtures of oppositely charged colloids, was extensively studied in recent decades [44] [45] [46] . In order to obtain stable suspensions of well-defined hybrid colloids instead of macroscopic flocs, it is thus crucial to detect appropriate experimental parameters for the adsorption process. For this reason, pri or to experiments on polymer clusters, adsorption studies were performed on the constituents of the clusters, i.e. polymer spheres of 154 nm in diameter.
. Adsorption 01 silica NPs onto polymer spheres
Defined amounts of silica NPs were gentry added into aliquots of a suspension of PS particles under permanent stirring. The ratio of silica NPs to PS particles was ranging from 14 to 215 in these experiments. lnterestingly, the mixtures of the oppositely charged colloids formed stable suspensions at low as weIl as at high ratios of added NPs per PS particle, whereas immediate flocculation was observed in between (Fig. 3a ) .
To get more insight into this, the amount of bound NPs was determined after removal of unbound NPs by TGA analysis of the composites. As long as not more than approx. 82 silica NPs were added per PS particle, the vast majority of NPs was bound. lt is evident that the high affinity of the NPs to thePS particles is explained by .the strong electrostatic attraction among the oppositely charged particles. Further addition of NPs did not increase the degree of adsorption anymore (Fi g. 3b) . FESEM micrographs showed that the state of maximum loading is characterized -by a quite even distribution of the NPs over the surface of the PS spheres (Fig. 3c) . Given the radii of both types of particles, 32% of the total PS surface is covered with NPs at maximum loading. This is in accord with the FESEM micrographs which indicate individual NPs or groups of few NPs on the PS surface that are spatially separated from each other (Fi g. 3c) . Obviously, the number of binding sites is limited by the net charge of the support and electrostatic double layer repulsions among the NPs. Because the experiments were performed in pure water, the adsorbed NPs are completely located within the electrostatic double layer of the large particles. The NPs can be thus regarded as multivalent counterions of the PS particles.
For this reason, they should be mobile along the surface of the larger coIloids wh ich would explain the pretty even distribution of the NPs on the PS surface. lt has to be noted that double layer repulsions among NPs are less strong than in the bulk if located within the double layer of larger coIloids. This could explain the existence of groups of NPs on the PS surface. Similar observations were made by Vincent and co-workers [45] .
The electrophoretic mobilities revealed areversal from net positive to net negative charge during the course of adsorption (Fi g. 3b) . Below the isoelectric point (IEP), i.e. at low doses of NPs, the mixture of the two colloidal components forms a stable suspension because the positive charge of the PS particles is only partiaIly compensated by the NPs. As the dose of NPs increases. the net charge of the composites decreases, and so do es the el ectrostatic repulsion among the composites. Nea r the IEP, which corres ponds to 70 NPs per PS particle, the electrostatic repulsion is insufficient to prevail over attractions among oppositely charged parts on the composite particles and van der Waals attractions. For this reason, large flocs are formed which then precipitate. Because the IEP is below the point where maximum coverage is attained, there are still uncovered areas on the PS surface. Above the IEP, further uptake of NPs overcompensates the positive net charge of the PS particles and thus restabilizes the suspension. ., silica NPs added per PS particle A point to be made in regard to the adsorption at moderate doses of NPs is that FESEM micrographs showed marked loading with NPs on specific PS particles, while others were hardly charged. The reason to this is not clear. Maybe subtle mixing effects arise during composite formation. From this disproportionation in NPs loading attractive interactions among oppositely charged surface areas of the composites may arise, which favour f1occulation at moderate loading with NPs.
ITC was used to determine the thermodynamics and stoichiometry of the interaction among the PS particles and the NPs. The NPs were titrated in multiple injections into the sampie cell containing 119 a suspension of PS particles. An ITC experiment measures the difference in heat which has to be added to the sampI e and reference cells to keep them both at the same temperature. For an exothermic reaction in the sampie, less heat is required to heat up the sampIe cell and thus negative signals are recorded. It is thus obvious from the ITC da ta shown in Fig. 4 that the uptake of the NPs is exothermic. Moreover, because the concentrations of NPs and PS particles are known, the ITC data provides information on the number of NPs bound per PS particle, Le. the stoichiometlY of the adsorption process, and the absolute value of the change in enthalpy öH. The ITC data could be fitted assuming a single set of individual binding sites far the adsorption (Fig. 4 ) . This implies that the uptake of a NP is independent on the occupancy of neighbouring sites. The stoichiometry shows that 68 ± 3 NPs are bound per PS particle on average. This value is lower than the one obtained from the TGA experiment. Th e deviation might come from the fact the ionic strength was fixed to 0.1 mM in the ITC study to exclude enthalpy changes du e to changes in the salinity, whereas all other experiments were carried out in deionized water. This results in partial screenirig of the electrostatic attraction among NPs and PS particles in the ITC experiment.
An enthalpy change öH of -9800 ± 700 kJ mol -1 and an equilibrium association constant [( of 30 x 10 6 ± 5 x 10 6 M-1 was associated with the uptake of the NPs. The entropy change ÖS calculated from these two quantities is -33 ± 2 kJ mol -1 1(-1. Hence, the change in entropy must be governed by the 1055 of translational entropy of the NPs because other phenomena such as the release of counterions 01' water molecules from the surface of the particles would increase the entropy. Interestingly, negative values for öS were also found for the binding of the protein serum albumin to PS particles [48 J. 
Hybrids with comp/ex shapes
The results ofthe previous section have shown how experimental parameters must be chosen in order to yield stable suspensions of composite particles. Based on these results we replaced the simple PS particles by the above-mentioned robust clusters of PS particles aiming at hierarchically organized particle assemblies that exhibit a high level of complexity. Because the pre-assembly of the PS particles is based on emulsion droplets bearing statistically distributed particles, different species with well-defined complex shapes are accessible (Ieft column in Fi g. 5). The mixture of different species mad~ from up to 12 constituents can be separated into fractions of uniform clusters by density gradient centrifugation [39] . This offers the possibility to prepare uniform colloidal supports for the NPs exhibiting different defined shapes, which in turn provides full control over composition and shape of the resulting binary heteroaggregates (Fig. 5) . In the following, the deposition of NPs was solely performed on mixtures of PS clusters because the present study is devoted to a proof of concept.
At first, the deposition of silica NPs onto the PS clusters was studied. For this purpose aliquots of a suspension of PS clusters were slowly added to suspensions containing 202 NPs per cluster constituent (Table 2) . Hence, the number of NPs was sufficient to ensure charge reversal upon loading of the clusters with NPs. For this reason, the composites exhibited negative net charges and thus formed stable suspensions. Th e excess of unbound NPs was removed by ultrafiltration of the suspension against deionized water.
Figs. 5 and 6 show synopses of the hybrid clusters that differ in number and configuration ofthe polymer constituents. The NPs are evenly dispersed all over the surface of the PS clusters. The ordered arrangement of the inorganic entities on the colloidal support is caused by electrostatic repulsions among the NPs within the electric double layer of the PS clusters as already di scussed in th e previous section.
Yang and co-workers found that the direct combination of particles of two different sizes templated by emulsion droplets . resulted in composites with the small spheres located in the valleys among th e bi gger particles 149J. Hence. the de position of NPs onto pre-formed complex co lloids as reported in thi s study allows for a different arrangement of the NPs, which is characterized by spatia lly se pa rated NPs all over the surfa ce of the co mposites (Figs. 5 and 6) .
The adsorption studi es w ere carried out with gold and maghemite NPs as weil. Because these two types of NPs differ in their chemical nature, size and surface charge from the si li ca NPs, the further expe rim ents contribute to assess the versatility of this Toute towards complex hybrids. FESEM mi crogra phs of both go ld/PS and maghemite/PS hybrid clusters indeed confirm that thi s approach is a gene ral one which can be appli ed to a wide variety of particles.
As compared to the silica NPs, the go ld NPs were arranged widely isolated on the PS surface. Beca use th e average radii and the zeta potentials of both types of NPs are of the sa m e magnitude (Tab le 1), the different arrangement mi ght originate fro m more subtl e adhes ion effects. However, at maximum loading with NPs, a Quite uniform de position of the NPs over the polymer surface is fo und in all cases. This together with the small total dimensions of the polymer clusters makes sure that th e hybrid structures und erli e Brownian motion and form stable suspensions.
The closely but spatially separated arrangement of the gold NPs indicates that the composites sho uld ex hibit collective plasmon mo des, implying the potential for sensi ng applications 1501.ln fact, keep ing gold NPs physically separated but closed spaced has been achallenge in surface-e nh anced Raman scattering (SERS) beca use such an array of NPs can be strongly en hancing [51 ,52 J. It is known that physical separation does not impede gold NPs to in teract electrol1lagnetically as, long as the spacing al1long the NPs is sl1lall as co mpared to the wavelength of light [52 ] , which holds for the heterocomposites in this study. Future work will be devoted to such hybrids for SERS.
Appli cations with regard to ferrofluids [53 J, Le. colloidal suspensions of nanoscale particles with either ferro-or ferril1lagnetic properties, can be accomplished by incorporation of NPs that exhibit magnetic properties [28,54J. For this purpose maghemite NPs were used. These particles have smaller dimensions than the silica and go ld particles used before. It is known that maghemite partic1es with dimensions of a few nanometers exhibit superparamagnetic properties [55 J. Hence, deposition of maghemite NPs results in small superparamagnetic entities on the surface of the preformed polymer clusters, which allow for separation of the nanocomposites by external magnetic ftelds (Fi g. 7) . This opens perspectives for magnetic nanofluids with speciftc rheological properties and as complex building units for t he next level in hierarchy of material design. Promising studies in this direction were al ready reported based on micron-sized particles with complex shapes [56-58J.
Conclusion
We have shown that the fabrication of colloidal heteroaggregates from nanoparticles of two different sizes presents a facile but versatile pathway towards a plenitude of functional colloids with tailored geometries of inherent complexity. Control over shape, composition and surface roughness of the heteroaggregates can be managed by tuning the size of the constituents and the aggregation numbers. Both steps in the preparation of heteroaggregates, Le. formation of clusters and adsorption of NPs, can be accomplished with l11any other types of particles. This opens perspectives for a vast variety of rationally designed functional colloids which are of fundamental importance to a broad range of applications including sensing, photonic, and electronic devices.
